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Recently, a honeycomb borophene was reported to grow successfully on Al(111) surface. Since the metallic
σ-bonding bands of honeycomb boron sheet play a crucial role in the 39 K superconductivity of MgB2, it
is physically interesting to examine whether similar property exists in this material. We have calculated the
electronic structures and the electron-phonon coupling for honeycomb borophene by explicitly considering the
substrate effect using first-principles density functional theory in conjunction with the Wannier interpolation
technique. We find that the sp2-hybridized σ-bonding bands of honeycomb borophene are metallized due to
moderate charge transfer from the Al substrate, similar as in MgB2. However, the electron-phonon coupling
in honeycomb borophene is much weaker than in MgB2 due to the hardening of the bond-stretching boron
phonon modes and the reduction of phonon density of states. Nevertheless, the interlayer coupling between
Al-associated phonons and electrons in borophene is strong. Based on this observation, we predict that a 6.5 K
superconducting transition can be observed in a free-standing borophene decorated by a single Al layer, namely
monolayer AlB2. Accordingly, similar superconducting transition temperature could be expected in honeycomb
borophene on Al(111).
I. INTRODUCTION
Boron possesses rich chemistry like carbon. Since the dis-
covery of graphene, great effort has been made to synthesize
two-dimensional (2D) boron sheet, namely borophene. In
sharp contrast to graphene, it was suggested from theoretical
calculations that a borophene favors a triangular lattice struc-
ture with a special vacancy order, exemplified by the so-called
α- or β-sheet structured borophene [1–5]. Recently, three
different structured borophene were successfully grown on
Ag(111) surface by direct evaporation of boron atoms [6, 7].
One has a buckled structure (b-B2) without vacancies, while
the other two have vacancy orders, named as β12-B5 and χ3-
B4, respectively.
Searching for superconductivity in 2D compounds is of
great interest, because it has potential application in construct-
ing nanoscale superconducting devices with single-electron
sensitivity [8, 9]. In addition to graphene and borophene,
phosphorene [10, 11], silicene [12, 13], germanene [14, 15],
and stanene [16, 17] have all been synthesized in labora-
tory. Phosphorene is a semiconductor with a direct bandgap
of 1.51 eV [18]. Silicene, germanene, and stanene are zero-
gap semimetals with vanished density of states at the Fermi
energy [19, 20], similar to graphene. As a result, additional
charge doping must be introduced to induce superconductiv-
ity. In recent years, a number of theoretical calculations have
been done to explore the possibility of superconductivity with
high transition temperature in these doped 2D materials [21–
25]. More specifically, a superconducting transition was pre-
dicted to occur at a temperature as high as 31.6 K in heavily
electron-doped graphene [25]. Similar prediction was made
for arsenene [26]. However, superconductivity was only ob-
served in Li-intercalated few-layer graphene at 7.4 K [27], in
magic-angle graphene superlattice at 1.7 K [28], and in bi-
layer stanene below 1 K [29]. This suggests that it is difficult
to dope charge into these systems up to the level assumed in
theoretical calculations.
Different from these zero-gap or gapped 2D compounds,
borophenes, including b-B2, β12-B5, χ3-B4, are all intrinsic
metals [6, 7]. They are good candidates of intrinsic 2D su-
perconductors. From first-principles electronic structure cal-
culations for the electron-phonon coupling (EPC), it was pre-
dicted that these three free-standing borophenes could become
superconducting around 20 K even without doping [30–33].
However, the tensile strain with the electron transfer imposed
by the Ag substrate can significantly suppress the supercon-
ducting transition temperature Tc. For example, the Tc of β12-
B5 could be dramatically reduced to 0.09 K by a biaxial ten-
sile strain of 2% with an electron transfer of 0.1 e/boron [34].
Thus, it is indispensable to include the substrate effect in the
calculation of EPC in borophenes and other 2D materials.
Layered transition-metal dichalcogenide (TMD) is another
family, whereas superconductivity has been extensively stud-
ied. For semiconducting TMDs (2H-MoS2, 2H-MoSe2, 2H-
MoTe2, 2H-WS2, 1T -TiSe2, and 1T -TaS2), superconductivity
can be induced by applying chemical intercalation [35, 36],
electrostatic gating [37–41], or pressure [42]. Metallic TMDs,
including 2H-type NbSe2, TaS2, and TaSe2, show intrin-
sic superconductivity, coexisting with a charge-density wave
(CDW) order at low temperatures [43–46]. Recently, lots of
attentions have been paid to monolayer TMDs to investigate
the effect of dimensionality on both superconductivity and
CDW. For example, bulk 2H-TaS2 enters the CDW state at
70 K, and becomes a superconductor at 0.8 K [46–49]. The
Tc of 2H-TaS2 is firstly improved to 2.2 K with the thick-
ness down to five covalent planes [49], and then to 3.4 K in
2the monolayer limit [50]. In sharp contrast to the boosted
Tc, the CDW state vanishes in monolayer 2H-TaS2 [50]. But
these trends of superconductivity and CDW in approaching
the 2D limit are not universal in TMDs. Specifically, the Tc
of 2H-NbSe2 decreases from 7.2 K in bulk crystal to 3 K in
monolayer [51], where the CDW order is strongly enhanced
[52]. For 2D intrinsic superconductors, monolayer TMD and
borophene are somehow complementary. On one hand, al-
though stable monolayer TMD can be easily exfoliated from
the bulk phase, the Tc is relatively lower. On the other hand,
free-standing borophene can have a high Tc, but current struc-
tures of borophene can only exist on special substrate, e.g. Ag.
Moreover, the interplay between borophene and Ag substrate
has an inhibited effect on superconductivity.
Recently, a honeycomb borophene (h-B2) was successfully
grown on the Al(111) substrate (abbreviated as h-B2/Al(111)
hereafter) [53]. From first-principles electronic structure cal-
culations, it was found that the honeycomb structure is sta-
bilized by a significant charge transfer from Al(111) to h-B2
[53]. Similar as in MgB2 whose honeycomb boron sheet plays
a central role in pairing electrons in a relatively high Tc [54], a
free-standing h-B2 was also predicted to be a 30 K supercon-
ductor by ignoring the imaginary phonon modes [31]. How-
ever, it is not clear whether such high-Tc superconductivity
can survive in h-B2 grown on an Al(111) substrate.
In this paper, we explore the possible superconductivity in
h-B2/Al(111) by calculating its electronic structure, lattice dy-
namics, and EPC using the first-principles density functional
theory and the Wannier interpolation technique. The influ-
ence of the Al substrate is fully considered in our calculations,
which allows both the charge transfer and strain effects to be
more preciously determined. After full optimization, we find
that h-B2/Al(111) has a buckling lattice structure with a tiny
buckling height of 0.035 Å. The sp2-hybridized σ-bonding
bands of h-B2/Al(111) are partially filled, but the intra-boron-
layer EPC in this material is weak due to the hardening of
phonons and the reduced phonon DOS. However, there is a
strong coupling between Al phonons and electrons in h-B2.
Based on this property, we propose a monolayer AlB2 mate-
rial with an EPC constant λ about 35% larger than in MgB2
[55]. Using the McMillian-Allen-Dynes formula, we predict
that the superconducting Tc of this monolayer AlB2 is about
6.5 K.
II. COMPUTATIONALMETHOD
In the calculations, the first-principles package, Quantum-
ESPRESSO, was adopted [56]. We calculated the Bloch states
and the phonon perturbation potentials [57] using the local
density approximation and the norm-conserving pseudopoten-
tials. The kinetic energy cut-off and the charge density cut-off
were taken to be 80 Ry and 320 Ry, respectively. The charge
densities were calculated on an unshifted mesh of 40×40×1
points in combinationwith aMethfessel-Paxton smearing [58]
of 0.02 Ry. The dynamical matrices and the perturbation
potentials were calculated on a Γ-centered 10×10×1 mesh,
within the framework of density-functional perturbation the-
ory [59].
In the construction of slab model, if only one borophene
layer is deposited on Al surface, another surface of Al, namely
fracture surface, will be exposed to the vacuum (see Appendix
A for the results calculated with semi-infinite slab). To avoid
the influence of Al surface states on the fracture surface, we
employed a slab model with inversion symmetry to simulate
h-B2/Al(111) [Fig. 1]. There are seven Al layers with one
h-B2 on each surface. The thickness of vacuum layer in the
slab was set to 8.58 Å. The experimental value of the in-plane
lattice constant of the Al(111) surface, 2.8635 Å [60], was
adopted. Al atoms in the middle three layers were fixed to
mimic the bulk, the other Al layers and two h-B2 sheets were
relaxed to minimize the total energy.
The maximally localized Wannier functions (MLWFs) [61,
62] were constructed on a 10×10×1 grid of the Brillouin zone.
We used 38 Wannier functions to describe the band structure
of h-B2/Al(111) around the Fermi level. Among them, four
are pz-like states associated with the boron atoms, six are σ-
like states localized in the middle of boron-boron bonds, the
other 28 functions correspond to the s and p orbitals of seven
Al atoms. These MLWFs are well localized in space. For
instance, the average spatial spread of the six σ-like states is
just about 1.01 Å2. Fine electron (360×360×1) and phonon
(120×120×1) grids were used to interpolate the EPC constant
through the Wannier90 and EPW codes [63, 64]. The Dirac
δ-functions for electrons and phonons were smeared out by a
Gaussian function with the widths of 50 meV and 0.2 meV,
respectively.
The EPC constant λ was determined by the summation of
the momentum-dependent coupling constant λqν over the first
Brillouin zone, or the integration of the Eliashberg spectral
function α2F(ω) [65, 66],
λ =
1
Nq
∑
qν
λqν = 2
∫
α2F(ω)
ω
dω. (1)
The coupling constant λqν reads
λqν =
2
~N(0)Nk
∑
nmk
1
ωqν
|gnmk,qν|
2δ(ǫnk)δ(ǫ
m
k+q). (2)
Nq and Nk represent the total numbers of q and k points in the
fine q-mesh and k-mesh, respectively. Similarly, we can also
define a k- and band-resolved coupling constant λkn [30, 55,
67].
λkn =
2
~N(0)Nq
∑
νmq
1
ωqν
|gnmk,qν|
2δ(ǫnk)δ(ǫ
m
k+q). (3)
From λqν or λkn, we will identify which phonon mode or elec-
tronic state has larger contribution to the EPC. The Eliashberg
spectral function α2F(ω) was calculated with
α2F(ω) =
1
~N(0)NkNq
∑
νmnkq
|gnmk,qν|
2δ(ǫnk)δ(ǫ
m
k+q)δ(ω − ωqν).
(4)
3Here ωqν is the phonon frequency and gnmk,qν is the probability
amplitude for scattering an electron with a transfer of crystal
momentum q. (n,m) and ν denote the indices of energy bands
and phonon mode, respectively. ǫn
k
and ǫm
k+q
are the eigenval-
ues of the Kohn-Sham orbitals with respect to the Fermi level.
N(0) is the density of states (DOS) of electrons at the Fermi
level. It is noted that above formulas can not be directly used
to evaluate the intrinsic EPC of h-B2, since there is significant
N(0) from the Al substrate. We will present the strategy about
how to extract the EPC of h-B2 from slab calculation in sec-
tion IV. This extraction is based on a fact that the boron and
Al phonons are separated in frequency.
FIG. 1. Slab model of h-B2/Al(111). (a) Top view plotted with the
depth-cueing technique. (b) Side view. The green and slate balls rep-
resent boron and Al atoms, respectively. The thick black line denotes
the unit cell.
The superconducting transition temperature is determined
by the McMillian-Allen-Dynes formula [66],
Tc =
ωlog
1.2
exp
[
−1.04(1 + λ)
λ(1 − 0.62µ∗) − µ∗
]
, (5)
in which µ∗ is the Coulomb pseudopotential, ωlog is the loga-
rithmic average frequency,
ωlog = exp
[
2
λ
∫
dω
ω
α2F(ω) lnω
]
. (6)
III. RESULTS AND ANALYSIS
From the calculation, we find that the crystal structure of
h-B2/Al(111), with boron atoms occupying the hollow sites
of the triangular lattice of outmost Al layer [Fig. 1(a)], is en-
ergetically favored. After optimization, the total thickness of
Al substrate and the average distance of boron atoms from
the outmost Al layer are 13.61 Å and 1.39 Å, respectively.
The h-B2 layer is nearly flat with a tiny buckling of 0.035 Å,
not reported in the previous calculation [53]. This buckling
structure is robust. It exists even when the vacuum layer is
increased to 23.58 Å.
FIG. 2. (a) Band structures of h-B2/Al(111). The width of red lines
is proportional to the contribution of the sp2-hybridized σ-bonding
orbitals to the Kohn-Sham states. The blue circles are obtained by
interpolation of MLWFs. (b) Projected density of states (PDOS) of
boron orbitals. (c) PDOS of Al layers. The Al layers are numbered
according to their distance from borophene. For instance, the 1st-Al-
layer denotes the closest Al layer to borophene, i.e., the outmost Al
layer. The Fermi level is set to zero.
Figure 2 shows the band structures and projected density of
states (PDOS) of h-B2/Al(111). There are nine bands across
the Fermi level [Fig. 2(a)]. The MLWFs interpolated band
structure agrees excellently with the first-principles calcula-
tion. This, together with the high locality of MLWFs, sets a
solid foundation for accurately computing the EPC using the
Wannier interpolation technique. The band structure suggests
that the B-B sp2-hybridizedσ-bonding bands are partially oc-
cupied, similar as in MgB2, but the σ-bonding bands in the
bulk AlB2 are completely filled [68]. By calculating the Bader
charge decomposition [69, 70], we find that in h-B2/Al(111),
the charge transfer to the inward (outward) boron atom is 1.15
(0.87) e/boron, contributed mainly by the outmost Al atom.
While in the bulk AlB2, each boron atom acquires about 1.46
electrons. At the Fermi level, the σ-like and the pz orbitals
of boron have almost equal proportion in PDOS [Fig. 2(b)].
More importantly, Al layers dominate the contribution to N(0)
[Fig. 2(c)]. The relatively smaller occupation number in elec-
tronic states associated with the outmost Al layer is consistent
with the charge transfer picture. For the inner Al layers, the
4PDOS curves merge together [Fig. 2(c)], suggesting that the
interaction between borophene and inner Al layers is rather
weak.
FIG. 3. Fermi surfaces formed by the nine bands across the Fermi
level in h-B2/Al(111) in the reciprocal unit cell. Different colors rep-
resent the strength of λkn. We label these nine Fermi surfaces as
FS-α, with α running from a to i.
Figure 3 shows the Fermi-surface contours for the nine
bands crossing the Fermi level. By projecting λkn onto these
Fermi surfaces, we find that electrons on the Fermi surfaces
around the Γ [Fig. 3(a)-Fig. 3(d)] and M [Fig. 3(h)] points
couple strongly with phonons. From Fig. 2, we know that the
Γ-centered Fermi sheets stem from the sp2-hybridized B-B
σ-bonding bands. The orbitals of B-pz and Al comprise the
electronic states around the M point on FS-h. Compared with
the outward boron atoms, there are more electrons transferred
to the inward ones, causing the pz orbitals more insulating,
especially around the M point.
Figure 4 shows the lattice dynamics of h-B2/Al(111). A gap
of about 10 meV is found in the phonon spectrum [Fig. 4(a)].
Due to the large difference between the masses of boron and
Al atoms, it is straightforward to assign the modes above
and below the gap mainly to boron and Al atoms, respec-
tively. This assumption is confirmed by the result of projected
phononDOS calculated under the quasi-harmonic approxima-
tion [Fig. 4(b)]. The phonons at the Γ point have the largest
coupling with electrons. The strongly coupled modes of h-
B2 at the Γ point are identified to be A2u, A1g, Eu, and Eg
[Fig. 4(a)]. The phonon DOS attributed to boron atoms can
be classified into two regions [Fig. 4(c)]. From 50 meV to
70 meV, the phonons originate from the out-of-plane move-
ments of boron atoms. The in-plane displacements of boron
atoms mainly participate in the phonons above 100 meV. This
indicates that the strongly coupled Eu and Eg modes at about
104 meV are mainly the contribution of the in-plane bond-
stretching phonon modes.
The vibrational patterns of strongly coupled phonons at the
Γ point above the frequency gap are schematically shown in
Fig. 5. The amplitudes of Al displacements in the strongly
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FIG. 4. Lattice dynamics of h-B2/Al(111). (a) Phonon spectrum
with a color representation of λqν at a given wave vector and mode.
The mode symmetries of strongly coupled phonon modes at Γ are
labelled on the right side. (b) Projected phonon density of states.
(c) Decomposed boron-related phonon density of states along three
directions.
coupled phonon modes gradually decrease with the increase
of vibrational frequency. This agrees with the fact that the
frequencies of the Al phonon modes lie mainly below 40
meV. Particularly, the high-frequency Eu and Eg phonons
only involve the 2D bond-stretching motions of boron atoms
[Fig. 5(c)-Fig. 5(f)], consistent with the phononDOS of boron
atoms shown in Fig. 4(c).
FIG. 5. Vibrational patterns for strongly coupled phonon modes of
h-B2 at the Γ point. The red arrows and their lengths denote the di-
rections and relative amplitudes of atomic movements, respectively.
The Eliashberg spectral function α2F(ω) is divided into
three regions separated by two gaps [Fig. 6(a)]. A large pro-
portion of α2F(ω) lies below 40 meV. This indicates that
the Al-associated phonons play a vital role in the EPC of h-
B2/Al(111). With respect to F(ω) [Fig. 4(b)], the sharp peaks
of α2F(ω) around 55 meV and 104 meV show that there exist
strongly coupled B-associated phonons, such as the A2u, A1g,
Eu, and Eg modes [Fig. 5]. The EPC constant λ and ωlog are
found to be 0.64 and 22.15 meV. The Al-associated and B-
5associated phonons contribute 76.6% and 23.4% to the total
λ, respectively. We also find that there is a strong interfacial
coupling between Al phonons and electrons in h-B2. It occu-
pies about 30.7% of the total λ.
IV. DISCUSSION
The Eliashberg formula was established for a superconduc-
tor with translational symmetry. Attention, however, should
be paid in the calculation of EPC in 2D compounds using
this formula when a metallic substrate is included. In par-
ticular, Al is a good metal with a large bandwidth. More Al-
associated electronic bands would appear around the Fermi
level if the thickness of Al substrate gradually increases in the
slab model that we used to simulate h-B2/Al(111). The contri-
bution of h-B2 to the EPC will be submerged by the significant
reduction of boron atoms to the DOS around the Fermi level.
As a result, the EPC of h-B2/Al(111) supercell will approach
to the EPC of bulk face-centered-cubic (fcc) Al [71], when
the thickness of substrate becomes infinite in the slab model.
Thus the intrinsic EPC of h-B2 need to be extracted reason-
ablely from current data. Moreover, the previously obtained
λ (0.64) and ωlog (22.15 meV) can not be substituted directly
into the McMillian-Allen-Dynes formula to determine the Tc
of h-B2/Al(111).
Since the boron and Al phonon vibrations are well sepa-
rated in frequency, we can regard the EPC generated by boron
phonons as the EPC of h-B2 if the interfacial coupling be-
tween the boron phonons and the electronic states from the
substrate can be properly deducted. We calculated λkn in the
frequency region from 50 to 140 meV. It is found that the σ-
bonding electrons of h-B2 contribute 39.1% (62.6%) to the
EPC caused by the out-of-plane (in-plane) boron phonons. So
the α2F(ω) in the intervals [50, 100] meV and [100, 140] meV
should be reduced by 60.9% and 37.4%, respectively, if we
assume α2F(ω) depends weakly on ω. Furthermore, the EPC
constant can not be normalized by the whole DOS of the h-
B2/Al(111) supercell at the Fermi level [see Eq. (2)]. Instead,
it should be normalized only by the electron DOS of h-B2.
At the Fermi level, the total DOS and the DOS contributed
by the h-B2 electrons are 1.91 and 0.58 states/spin/eV/cell, re-
spectively. From the refined α2F(ω) of h-B2, which is shown
in Fig. 6(b), we find the value of λ for h-B2 is only 0.24. Ad-
ditionally, we can also roughly estimate the EPC for Al sub-
strate following above procedure. After deducting the elec-
tronic states of boron from Fig. 3, we find that the remainder
EPC strength below the frequency gap is about 0.33. Further
scaling with the Al-associated N(0), the EPC constant for Al
substrate is determined to be 0.54, close to 0.44 calculated
previously [71]. This is probably because the inner five Al
layers still resemble the bulk Al [see Fig. 1(b) and Fig. 2(c)].
The usage of inversion slab with two h-B2 sheets may raise
the question about the double counting. The validity of our
calculations lies in the fact that these two h-B2 sheets will be
decoupled when the substrate is sufficiently thick. The ap-
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pearance of both the doubly degenerate σ-bonding bands and
the nearly doubly degenerate boron phonon modes indicates
that the interaction between these two h-B2 sheets is extremely
weak. To further justify the decoupling assumption made in
our current slab model, we also calculated the band structure
and phonon spectrum for a thicker slab with 19 Al layers and
two h-B2 sheets. After relaxation, the substrate is as thick as
40.65 Å. We find that the σ-bonding bands of h-B2 are en-
tirely unchanged. For strongly coupled phonons modes at the
Γ point, the frequency of Eg modes has the largest relative de-
viation, whose value is only about 0.11% in comparison to the
result of the current slab model. Hence, the coupling between
these two h-B2 sheets in current slab model can be ignored.
The EPC of h-B2 behaves differently from that in MgB2, al-
though the metallic σ-bonding bands of h-B2 are preserved in
h-B2/Al(111). At the Γ point, detailed analysis shows that the
EPC matrix elements of the bond-stretching modes (Eu and
Eg) in h-B2 are indeed comparable to those of E2g modes in
MgB2. However, the phononDOS per h-B2 near the Eg modes
is compressed with respect to that around the E2g modes in
MgB2 [72], due to well-separated out-of-plane and in-plane
boron phonons [Fig. 4(c)]. Moreover, the frequencies of Eu
and Eg modes at the Γ point are higher than the E2g mode in
MgB2 (70.8 meV) [72]. These two effects reduce the EPC in
h-B2.
Motivated by the existence of a strong coupling between
boron and Al atoms, we calculated the EPC in a monolayer
structured AlB2, including a h-B2 and a single Al layer. Fig-
6ure 6(c) shows the calculated spectrum of α2F(ω). In com-
parison with h-B2/Al(111), the peak of α2F(ω) arisen from
the Al phonons shifts from 35 meV to a lower frequency in
this monolayer AlB2. The high-frequency peaks of α2F(ω)
in monolayer AlB2 are also red-shifted, because the lattice
constant for monolayer AlB2 is 2.5% larger than that of h-
B2/Al(111). As a consequence, a dramatic enhancement in λ
(1.01) and a reduction in ωlog (17.82 meV) are obtained.
The Coulomb pseudopotential µ∗ is commonly used as a
free parameter to fit experimental Tc. To predict the Tc for
the monolayer AlB2 more accurately, we deduce the value
of µ∗ from the bulk AlB2. The spectrum of α2F(ω) for the
bulk AlB2 generated by Wannier interpolation is shown in
Fig. 6(d), consistent with the result presented in Ref. [72]. λ
and ωlog for AlB2 are estimated to be 0.46 and 45.30 meV,
respectively. There would be no superconductivity in the bulk
AlB2 if µ∗ is set to 0.23. Assuming this is also the value of µ∗,
we find the Tc of the monolayer AlB2 will be about 6.5 K.
Compared with bulk AlB2, the superconductivity in mono-
layer AlB2 is closely related to the distance (hAl-B) between
Al and honeycomb boron sheet, with hAl-B=1.37 Å in mono-
layer AlB2, and 1.63 Å in bulk AlB2 [73]. The correlation be-
tween Tc and such distance also exists in graphite intercalated
compounds. For instance, hBa-C=2.62 Å, hSr-C=2.47 Å, and
hCa-C=2.26 Å [74] in nonsuperconducting BaC6 [75], SrC6
(Tc=1.65 K) [75], and CaC6 (Tc=11.5 K) [76, 77], respec-
tively. Now, monolayer AlB2 and fcc Al are two superconduc-
tors, with Tc being 6.5 K and 1.2 K, respectively. If we splice
these two compounds together along the [111] direction of
fcc Al, the structure of h-B2/Al(111) will reappear exactly. In
that sense, analogous superconductivity in h-B2/Al(111) can
be anticipated in experiment, as in monolayer AlB2.
V. SUMMARY
Based on the first-principles density functional theory and
the state-of-the-art Wannier interpolation technique, we cal-
culate the EPC for h-B2 grown on an Al(111) substrate. We
simulate the substrate effect using a slab model. Similar as in
MgB2, we find that theσ-bonding bands are also metallized in
h-B2/Al(111). However, the EPC constant λ in h-B2 is signifi-
cantly smaller than in MgB2, due to the blue shift of the bond-
stretching boron phonons and the reduction of phonon DOS.
Furthermore, we find that the interlayer coupling between Al-
associated phonons and electrons on the h-B2 is quite strong.
Based on this observation, we predict that a borophene deco-
rated by just one Al layer, i.e. monolayer AlB2, could become
a superconductor below 6.5 K. We also suggest that similar
superconducting Tc can be detected in h-B2/Al(111).
ACKNOWLEDGMENTS
This work is supported by the National Key R & D Pro-
gram of China (Grant No. 2017YFA0302900), National Nat-
ural Science Foundation of China (Grant Nos. 11774422, and
11674185), and Zhejiang Provincial Natural Science Founda-
tion of China under Grant No. LY17A040005. M.G. is also
sponsored by K.C.Wong Magna Fund in Ningbo University.
Appendix A: borophene on semi-infinite Al substrate
With the reasonable EPC constant of h-B2 in hand, we
further employed another geometry for the slab model with
borophene layer on the semi-infinite Al substrate, to see how
much it deviates from the obtained results. For clarity, we
label this slab as h-B2/Al(111)SI to distinguish it from the
h-B2/Al(111) in the main text. If there exists rich dangling
bonds on the fracture surface (e.g. silicon surface), the dan-
gling bonds should be passivated with hydrogen. However,
the passivation strategy is not suitable for Al surface, espe-
cially when studying the EPC. Firstly, Al is a good metal,
there is not covalent-type dangling bonds on its surface. Sec-
ondly, passivation with hydrogen will introduce extra high-
frequency phonon modes. In our calculations, the semi-
infinite substrate was represented by four layers of Al, in
which the bottom two layers were fixed to simulate the bulk
properties. The top two layers and the borophene sheet were
allowed to relax freely. The c-axis thickness of the slab was
set to 20 Å.
FIG. 7. (a) Band structures, (b) PDOS of boron orbitals, and (c)
PDOS of Al layers for h-B2/Al(111)SI. The meanings of symbols
are the same as in Fig. 2. Here, the 4th-Al-layer corresponds to the
fracture surface of semi-infinite Al substrate.
7FIG. 8. (a)-(d) Fermi surfaces weighted by λkν in h-B2/Al(111)SI.
(e) Charge density distribution of strongly coupled electronic state
pointed by black arrow in Fig. 7(a). The isovalue for charge density
is set to 5.0×10−3 e/Bohr3.
After optimization, the buckling height of h-B2 is found to
be 0.031 Å in h-B2/Al(111)SI, close to that in h-B2/Al(111).
The band structures and PDOS are shown in Fig. 7. Although
the band structures differ from h-B2/Al(111), the σ bands are
almost unaffected [Fig. 7(a) and Fig. 7(b)]. For example, the
σ-band maxima at the Γ point are equal to 0.39 eV and 0.40
eV for h-B2/Al(111)SI and h-B2/Al(111), respectively. Signif-
icant charge transfer from the outmost Al layer to borophene
can be inferred from Fig. 7(c). The DOS for the 4th Al layer is
slightly larger than other Al layers, suggesting the existence of
surface states. There are four bands crossing the Fermi level,
giving rise to four Fermi surfaces [Fig. 8]. The small hole
pockets surrounding the Γ point in Fig. 8(a) and Fig. 8(b) are
resulted from the σ bands. The electronic states on the red
circle near the Γ point dominate the contribution to EPC of h-
B2/Al(111)SI. However, charge density analysis indicates that
the strongly coupled electronic states are from Al substrate,
not borophene [Fig. 8(e)].
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FIG. 9. (a) λqν-weighted phonon spectrum, (b) projected phonon
density of states, and (c) decomposed boron-related phonon density
of states along three directions for h-B2/Al(111)SI.
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FIG. 10. Eliashberg spectral function α2F(ω) for (a) h-B2/Al(111)SI,
(b) h-B2 extracted from h-B2/Al(111)SI. These two quantities for h-
B2/Al(111) are also given to make a comparison.
The λqν-weighted phonon spectrum and phonon DOS in
h-B2/Al(111)SI are shown in Fig. 9. The phonon modes
associated with boron are almost the same as in Fig. 4(a).
Boron and Al phonons are still well separated [Fig. 9(b)].
The lowest acoustic branch exhibits obvious softening. This
results in large EPC constant λqν [Fig. 9(a)]. Compared
with h-B2/Al(111), the low-frequency part of α2F(ω) for h-
B2/Al(111)SI is greatly enhanced [Fig. 10(a)], self-consistent
with the softened acoustic phonons. Thus strong EPC and
smallωlog will be obtained. As expected, we find that the EPC
constant and ωlog are 1.26 and 8.27 meV, respectively. The
α2F(ω) of h-B2 can also be extracted from h-B2/Al(111)SI fol-
lowing the procedure in the main text. Similarly, we find that
the σ-bonding electrons of h-B2 contribute 38.1% (68.5%) to
the EPC caused by the out-of-plane (in-plane) boron phonons.
As a result, the α2F(ω) in the intervals [50, 100] meV and
[100, 140] meV should be reduced by 61.9% and 31.5%,
respectively. The N(0) and N(0) contributed by the h-B2
electrons are 1.15 and 0.27 states/spin/eV/cell. The refined
α2F(ω) of h-B2 is shown in Fig. 10(b). After integrating
α2F(ω), we find λ of h-B2 is 0.23, very close to the value
determined in the main text. As far as the intrinsic EPC of h-
B2 is concerned, the fracture surface of semi-infinite Al sub-
strate has negligible effect. Thus determining the EPC of h-B2
with semi-infinite Al substrate is also a feasible scheme with
reduced computational cost.
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